We present a flexible acoustic sensor that has been designed to detect wheezing (a common symptom of asthma) while attached to the chest of a human. We adopted a parallel-plate capacitive structure using air as the dielectric material. The pressure (acoustic) waves from wheezing vibrate the top diaphragm of the structure, thereby changing the output capacitance. The sensor is designed in such a way that it resonates in the frequency range of wheezing (100-1000 Hz), which presents twofold benefits. The resonance results in large deflection of the diaphragm that eradicates the need for using signal amplifiers (used in microphones). Second, the design itself acts as a lowpass filter to reduce the effect of background noise, which mostly lies in the >1000-Hz frequency range. The resulting analog interface is minimal, and thus consumes less power and occupies less space. The sensor is made up of low-cost sustainable materials (aluminum foil) that greatly reduce the cost and complexity of manufacturing processes. A robust wheezing detection (matched filter) algorithm is used to identify different types of wheezing sounds among the noisy signals originating from the chest that lie in the same frequency range as wheezing. The sensor is connected to a smartphone via Bluetooth, enabling signal processing and further integration into digital medical electronic systems based on the Internet of Things (IoT). Bending, cyclic pressure, heat, and sweat tests are performed on the sensor to evaluate its performance in simulated real-life harsh conditions.
showed that asthma can be diagnosed at an early stage using noninvasive practices by monitoring the airway resistance in the trachea [4] . This airway resistance produces wheezing characterized by musical, sinusoidal sounds superimposed on breathing with frequencies of 100-1000 Hz and a duration of >250 ms [5] [6] [7] [8] [9] . Similar to the behavior of sound, wheezing also travels through a medium in the form of pressure fluctuations. Thus, an acoustic (pressure) sensor can be used to detect wheezing.
A common method used in health monitoring wearables for wheeze detection is electrocardiography (ECG) [10] . The output voltage signal from the ECG electrodes is in the order of a few millivolts. Thus, they require amplification and signal condition circuitry before the data can be fed to a microprocessor. This increases the size and power consumption of the overall system [11] . Soft materials have been used to detect human vocalization using muscle movements. For example, woven graphene fabric is used to monitor the throat muscle movement in response to sounds originating from the neck [12] . Some other flexible sensors used to collect reliable acoustic data include single-walled carbon nanotubes (SWNCTs) embedded in a hydrogel [13] and nanowires grown on polytetrafluoroethylene (PTFE) films [12] . However, additional sensors are required to interpret their data. Additionally, the graphene/CNT-based sensors require complex fabrication processes that increase the cost.
Microphones have proved to be the most practical solution to acquire sounds from the neck or chest [14] [15] [16] [17] . They are placed on the neck to monitor the vital signs and ingestion habits [17] . However, microphone-based wearables are rigid, which make them less comfortable to use for long periods of time as a disease-monitoring wearable [18] . The sensors have small dimensions to reduce the high costs associated with silicon-processing equipment and the silicon material itself. It results in a high-resonance frequency (in the kilohertz range) diaphragm with small output signals [19] . Thus, they require signal amplification circuits, which introduce additional noise in the system that must be reduced by added signal conditioning circuits [20] , [21] . The compromise of using a higher resonance frequency diaphragm is made so that the sensor can respond to a large audible frequency range of an average human . This is desirable for microphones as they are intended to record human speech. However, in the case of wheezing, it is more beneficial to have a specialized acoustic sensor that is low-cost, minimalistic, consuming less power, and responding in the wheezing frequency range (100-1000 Hz). For this purpose, we need a large diaphragm made with low-cost materials to get a low-resonance frequency with a high signal-to-noise ratio (SNR).
Here, we present a low-cost, flexible wheezing sensor made from aluminum foil using low-cost and scalable manufacturing techniques. The sensor has a parallel plate capacitive sensor structure with an air gap acting as the dielectric. The sensor is designed such that the resonance frequency of the diaphragm lies in the desired wheezing frequency range. Consequently, the diaphragm of the sensor is able to achieve a sizable deflection, creating a large output signal without the use of amplification circuits. The sensor is directly connected to a microcontroller, which wirelessly transmits raw data to a peripheral device such as a smartphone/PC for signal processing and wheezing detection. We have previously shown that such a sensor can be used to detect wheezing sounds from the chest [1] . The flexibility and versatility of the sensor allow it to be packed in a flexible Styrofoam packaging to cancel out the effects of background noise. It adheres to the chest of a human subject with minimal intrusion or discomfort. The other sounds from the chest act as noise during wheezing detection like coughing, breathing, and talking. We recorded several chest sounds using our sensor and superimposed them on wheezing sounds to create noisy signals. A robust signal processing method is used to detect wheezing from the noisy signal. The sensor is attached to the chest of a human subject to investigate a scenario in which sounds are detected in real time from the human chest. The mechanical integrity of the flexible sensor is evaluated in bending, cyclic pressure, heat, and sweat exposure tests.
II. DESIGN AND FABRICATION

A. Fabrication of Wheezing Sensor
Sound traverses in the air in the form of pressure fluctuations produced by acoustic waves [22] . We have thus created an acoustic sensor in the form of a parallel plate capacitor where an air gap between two parallel plates acts as the pressure-sensitive dielectric material. Acoustic waves put pressure on the top movable diaphragm, thereby reducing the thickness "d" of the air gap, which in turn increases the output capacitance "C," as expressed by the following equation [23] :
where ε r = 1.0006 and ε 0 = 8.854 × 10 −12 F·m −1 . Owing to the high compressibility of air, commercial parallel platebased accelerometers also use air gap as the pressure-sensitive dielectric material [24] , [25] . The high compressibility factor of air allows the air gap-based capacitive structure to respond to the extremely low pressures of acoustic waves. We have adopted a low-cost method, compatible with largescale manufacturability, to make the sensor structure. An illustration of the method is outlined in Fig. 1 . The air gap is created by creating pillars of stacked double tape around the edges of a metal foil cut in a rectangular shape [ Fig. 1(a) ]. A stack of six layers of double tape (where each strip is 1.2 mm wide and ∼90 μm thick) creates a ∼540-μm gap, which is sufficient for the diaphragm to freely vibrate in the air gap [ Fig. 1 Cross-sectional Scanning Electron Microscopy (SEM) images reveal that the height is actually 626 μm at the edges due to variability in the thickness of double-sided tape adhesive [ Fig. 1(h) ]. In the center, the weight of the diaphragm reduces the air gap to 510 μm [ Fig. 1(h) ].
B. Diaphragm Material, Size, and Shape Selection
We aim to design our sensor in such a way that it resonates within the frequency range of wheezing in order to achieve the maximum output signal. Although the frequency of a wheeze from the trachea lies in the range of 100-2500 Hz, it is reduced to 100-1000 Hz from the chest because lung tissue, chest wall, and skin absorb the higher frequencies before they reach the sensor [5] , [6] . The chest-wall tissue acts as a low-pass spectral constraint on respiratory sounds, which when measured on the skin surface with an acoustic sensor (microphone or accelerometer) positioned on the human chest, back, or neck, typically reside in the frequency band below 1 kHz [26] . Excess amount of chest hair may cause interference with the adhesion and performance of the sensor. The region of the neck close to the trachea could be a suitable alternative location to acquire wheezing sounds.
1) Diaphragm Material: Aluminum foil is cheap, readily available, and responds reliably to pressure. Although it is made up of a metal, aluminum foil tends to crumble and deform very easily after undergoing normal wear and tear due to its small thickness. A thin metal film has less elastic strength and bends easily, as the elastic modulus is inversely proportional to the cross-sectional surface area [27] . The crumpling (plastic deformation) of the aluminum metal film after prolonged usage can be observed in Fig. 1(j ). Thus, we tested different diaphragm materials: copper (Cu) foil, aluminum (Al) foil, Al on polyethylene terephthalate (PET), and Al on polyimide (PI) to find a more versatile metal foil. The Al and Cu metal foils showed buckling and dents after prolonged usage. Al on PET and PI showed higher mechanical strength due to the mechanical rigidity provided by the polymers. Al on PI exhibited maximum displacement with the application of pressure. Therefore, we decided to use the commercially available Al metalized PI film, Liren's LR-PI 100AM, in order to improve the strength of the diaphragm while maintaining the useful characteristics of aluminum foil. PI is a flexible substrate with high thermal and mechanical stability that acts as a supporting and carrier film for the Al, whereas Al provides the relevant conductivity necessary for the formation of a capacitor. Also, Liren's LR-PI 100AM is thin, consisting of a 200-nm-thick Al on top of a 25-μm-thick PI. Studies have shown that a thin diaphragm results in an increased deflection of the diaphragm, whereas a thinner Al on a PI film increases the overall tensile strength [28] , [29] . In addition, the presence of Al on PI improves the linear elastic range of PI.
2) Diaphragm Shape: We created a model of the Al on PI metal foil in COMSOL. Simulations of different sized diaphragms showed that the shape affects the extent deflection for a given pressure. Shape analysis studies have previously been performed on the silicon diaphragms used in microphones [30] , [31] . We used the finite-element method (FEM) in COMSOL to compare displacements of circle-, square-, and rectangular-shaped diaphragms in order to validate that the findings for silicon also hold for the Al on PI foil. The surface area of the three different diaphragm shapes was kept constant defined in terms of a variable "x," where "x" is the side length of the square diaphragm. The dimensions of each shape in terms of "x" can be seen in Fig. 1(k) . For the FEM simulations in COMSOL, we chose an "x" of 1 cm. We put all the diaphragm shapes under an equivalent sound pressure level (SPL) intensity, 80 dB, which was the sound intensity of a forced cough measured from the chest of a 28-year-old adult male, in a quiet environment of 28-dB background noise, using the Android application "Sound Meter." In order to find the equivalent value of pressure in pascals (Pa), we used the formula shown in the following equation [22] : Sound Pressure (dB) = 20 log 10 Measured Sound Pressure Reference Pressure (2) where the reference pressure was set to 20 μPa, which is the threshold of human hearing [32] . An SPL of 80 dB corresponds to 0.2 Pa. We calculated the deflection at the center of each diaphragm using a pressure of 0.2 Pa applied to the diaphragm [ Fig. 2(a) ]. The circular diaphragm has the largest deflection, whereas the rectangular diaphragm showed the smallest deflection. The circular diaphragm may seem like the best choice to get a large deflection. However, keeping the material waste and manufacturing costs to a minimum is equally important in order to realize a low-cost sensor.
We have included a supplementary color MPEG file (S1) which shows that the square-shaped diaphragms are much faster to produce than the circular diaphragms, and less material is wasted. This is available at http://bit.ly/2Ks4Weo. Thus, we chose the square shape for our sensor's diaphragm, which had the second-best deflection. According to the specifications, the tensile strength of Liren's LR-PI 100AM is >140 MPa. The stress induced by an 80-dB sound (of cough), which we expected to be the upper limit of sound that would be experienced by the sensors attached to the chest, was also calculated using FEM simulations. The results of the simulation, as seen in Fig. 1(l) , show that the point of maximum stress is at the center of the square diaphragm with a surface stress of 3.88 kPa, which is well below the chosen diaphragm material's tensile strength.
3) Diaphragm Size: Diaphragms with a larger surface area have been mathematically proven to result in a larger deflection [33] . Larger diaphragms in commercial microphones are more sensitive and more responsive to sounds than small diaphragms, as seen in large-diaphragm versus small-diaphragm condenser models (LDC or SDC, respectively) [19] . The changes in capacitances are larger in LDC models, thus providing a larger SNR than SDC making LDC the better choice for sound recording. Furthermore, LDC shows a smaller transient response to changes in sound pressure [34] . Studies show that the resonance frequency decreases with an increase in the size of the diaphragm [35] , that is, LDC microphones have a lower resonance frequency due to their higher diaphragm mass. The useful features of an LDC confirm that we need a large-sized diaphragm in order to get the best wheezing sensor. The thickness of the diaphragm also affects the deflection and resonance frequency [31] . LDC microphones, thus, suffer from a proximity effect as the sound intensity falls significantly with increasing distances [36] . Therefore, we need to keep the distance between the sensor and the sound source small. This sensor is hooked directly into our PSoC, which has been smartly optimized to perform fast data acquisition while also being able to send the data over Bluetooth using the same chip.
Since we used a metal foil with a fixed thickness cut in a square shape, we can only optimize the size of the diaphragm to achieve the balance between the deflection and the resonance frequency. FEM simulations showed that the resonance frequency of the chosen metal foil diaphragm lies in sub-500-Hz range for sizes less than 3 cm. The deflection was calculated from FEM simulations of the diaphragm, whereas the resonance frequency was found out by performing experiments. In order to find the optimal diaphragm size, we investigated how both deflection and frequency changed as the side lengths of the square diaphragm varied from 0.5 to 3 cm [ Fig. 2(b) ]. Our results concur with similar studies that showed an increase in deflection and a decrease in resonance frequency as the diaphragm size is increased [35] , [37] , [38] . As evident from Fig. 2(b) , the sensor diaphragms with side lengths of 1-3 cm had a resonance frequency within the desired range. However, the largest diaphragm (3 cm sides) had a very low resonance frequency, whereas the smaller diaphragm (1 cm sides) had smaller deflection. In order to balance between the output signal and the resonance frequency, we selected the 2-cm size for the sensor. Thus, we made a sensor with 2-cm sides in a square shape. To test the sound response of the 2-cm sized sensor, we played sounds of varying frequencies (100-1000 Hz) at a distance of 2 mm in front of the diaphragm. The 2-mm distance was chosen to mimic the gap that should be maintained between human skin (a conductor) and the sensor in order to keep the capacitance of the diaphragm from changing. The frequency at which we reached the maximum amplitude was taken as the resonance frequency. Fig. 2(c) shows the results from the frequency sweep where the strong response is observed in the range of 200-500 Hz. The amplitude of output escalates after 200 Hz, peaking at 250 Hz. The output remains high until 450 Hz. Fig. 2(d) shows the response of the sensor to different sound frequencies. We see large output signals at 250, 300, and 350 Hz. The output at 250 Hz shows the acoustic resonance pattern. Studies have shown that the median frequencies of wheezing lie within the range of 200-400 Hz [39] , [40] . Thus, our design is optimal to detect wheezing and uses recyclable low-cost materials. Fig. 2(e) shows the response of the sensor for varying sound intensity (300-Hz sinusoidal tone) played in front of the sensor. Another advantage of the sensor design becomes eminent as it does not respond to sounds below 55 dB. Background noise in a noisy environment can go as high as 50 dB. The sensitivity calculated from 55-to 90-dB linear output response region is found to be 64.3 fF/dB. Given the 10-fF resolution of the PSOC BLE, we can detect changes in sound as low as 0.156 dB.
III. RESULTS AND DISCUSSION
A. Analyzing Sounds
The sensor is attached to the chest in order to facilitate early diagnosis preemptive detection of an asthma attack. Although the sensor is designed to respond to a limited frequency range of 100-600 Hz, other chest sounds like talking, coughing, and breathing has low-frequency components that interfere with the wheezing signals. Thus, a method needs to be developed to separate wheezing sounds from the various forms of noise originating from the human chest. To investigate the effect of talking, we observed the frequency spectrum of different sound samples taken from four subjects: a 1-year-old girl, a 10-yearold boy, an adult man, and an adult woman. The sound samples were recorded by placing a smartphone microphone on the chest of the subjects. The frequency spectrum is created in MATLAB using a Fast Fourier transformation (FFT), a popular method used to extract features from sounds [ Fig. 3(a) ] [41] . Similarly, we observed the FFT of three different chestwheezing sounds taken from the archives of KAUST Medical Clinic [ Fig. 3(b) ]. It is evident that the most frequency components of wheezing lie below 600 Hz. On the other hand, younger subjects have frequency components predominantly above 600 Hz. As our sensor is designed to resonate between 250 and 400 Hz, we form a mechanical high-pass filter as the sensor would largely respond to wheezing (lower frequency) sounds while ignoring sounds from the vocal cords, especially for a child (higher frequency).
B. Response to Wheezing and Everyday Sounds
We setup an experiment to test the performance of our design as an acoustic sensor. A speaker was used to play wheezing sounds with an intensity of 80 dB at a 2-mm distance from the sensor. The results were then plotted and compared with the output profile of the actual wheezing sounds [ Fig. 3 (c)-(e)]. The sensor can successfully extract sufficient features from the wheezing sounds such that they are differentiable from each other. In order to check the repeatability of the sensor detection, we played the wheezing 1 sound repeatedly in front of the sensor; the results can be seen in Fig. 4(a) . The peaks of the matched filter output for the repeated signal shows that the sensor is able to record sounds with consistent accuracy. The gage repeatability and reproducibility (R&R) statistical tool calculates the Repeatability (%Var) as 92.12%. 
C. Wheeze Detection Using Matched Filter
Wheezing can be detected by looking for peaks in the frequency domain, and they are generally seen as fine peaks in the power spectrum under 2000 Hz in the spectral analysis [42] . The obstructed and irregular airflow of wheezing improves the better SNR compared to a normal airflow breath sound [43] .
However, sounds originating from the human chest, including breathing, cough, heartbeats, crackles, and talking still interfere with wheezing detection [39] , [41] . Especially, talking constitutes lower frequency sounds originating from the vocal cord, which traverses through the chest muscles and reaches the sensor. We used our sensor attached to a human chest to gather sound plots of; breathing, heartbeats, coughing, repeated hello sounds, male talking with a cough in-between, and female talking [ Fig. 4(b)-(g) ]. We superimposed all of these sounds on the wheezing 1 sound to mimic a noisy reallife scenario. The ability to detect wheezing from a noisy signal is a crucial criterion to form a robust wheeze-detection system. Matched filters are generally used to identify a known signal or template in an unknown signal. The matched filter can improve noise rejection and extract features out of a noisy signal. Matched filters have been extensively used for the detection of blood vessels, ECG peaks, seismic events, moving targets, cracks, SONAR, and microfluidic cells [44] [45] [46] [47] [48] [49] [50] [51] . It is similar to the convolution of an unknown signal with a conjugated time-reversed version of the template. It is the optimal linear filter for maximizing the SNR in the presence of additive stochastic noise. This method commonly used to detect backscattered signals in radar. The backscattered signal is matched with the template of the sent signal and, if the matched filter output shows a peak, the filter can determine that the transmitted signal has returned. The matched filter output produces a visible peak when a signal similar to the template is detected in a noisy signal [52] . We have included a supplementary color MPEG file (S2) that shows the implementation of a matched filter where a signal template is correlated with a noisy signal containing a signal matching the template. This is available at http://bit.ly/2Ks4Weo. The template was embedded in the middle of the noisy signal and, when the template passed through the point where the signal was embedded in noise, a peak in the output flags the positive detection of a signal similar to the template. The previously acquired signals from Fig. 3(a) are used as templates for the implementation of the matched filter. We further acquired signals of three different kinds of wheezing sound where each wheezing sound was played twice in succession. These templates of each wheezing sound were used to perform matched filtering and the results can be seen in Fig. 5(a)-(c) . It can be seen that the output in blue clearly shows a peak indicating a positive detection. When the wheezing 3 template was used to perform match filtering on the wheezing 1 signal, the output did not show differentiable peaks, as shown in Fig. 5(d) . This confirms that one wheezing template gives only positive detection for the same type of wheezing, which helps to differentiate between different types of wheezing across various human subjects provided that a template for each type of wheezing is available. Subsequently, the template of wheezing 1 sound was used to perform matched filtering on the noisy signals where wheezing 1 sounds are buried in various chest sounds [ Fig. 4(a)-(f) ]. The results are plotted in Fig. 5 (e)-(i). Visible peaks show that the matched filter was able to successfully detect wheezing from the noisy signal even though the wheezing 1 signal is not visible to the naked eye when buried in the noisy signal. One failure scenario was observed when the repeated hello sounds from Fig. 4(e) was superimposed on the wheezing 1 sounds; the match filter was unable to create differentiable peaks [ Fig. 5(j) ]. The repeated hello sounds were similar in shape to the wheezing 1 sound, thus resulting in an incomprehensible detection. Other sounds that have a comparable output waveform to a wheezing signal may result in false detection.
D. Bending, Pressure, Temperature, and Humidity Testing
Since the sensor needs to be worn on the chest, it must be able to withstand external forces other than sounds, like bending, human handling, varying temperatures, and sweat. In order to test the sensor's performance when bent, we subjected the sensor to 700 cycles of bending the radius of 5 mm. Fig. 6(a) shows the output of the sensor from cycles 663 to 669 and 670 to 677. It can be seen that upon releasing the structure between cycles 669 and 670, the sensor fully recovers its initial capacitance. At the end of 700 cycles, the sensor fully returned to its original condition. This shows that the strong material of the diaphragm materials retained their properties even after being subjected to extreme bending conditions. Furthermore, we subjected the sensor through 1000 cycles of high-pressure cyclic testing. The applied force was analogous to a finger touch. The force applied by sound lies in the <1 Pa range, but rough human handling can reach as high as a few megapascals [53] , which means the sensor is comparatively much less likely to be affected by sound pressure than human handling. The change in capacitance for loud sounds was just a few hundred femtofarads, but the output rises to as much as 100 pF when we subjected the sensor to a repeated force of 1 MPa. In order to test for the strength of the sensor under harsh conditions such as pressing with a finger, we subjected the sensor to a repeated force of 1 MPa, which is equivalent to a finger poke of 60-N force on a 0.5 cm 2 surface area. Fig. 6(b) shows the output from cycles 975 to 1000. Fig. 6(c) shows how the sensor's output varied over the course of 1000 cycles of extreme pressure application. The results confirmed that the sensor maintained its mechanical integrity after hundreds of cycles. The sensor underwent a total change of 0.51 pF at the end of 1000 cycles with a standard deviation of 0.19 pF. We have included a supplementary color MPEG file (S3) that shows the bending and pressure testing of the sensors in real time using a wirelessly controlled 3-D printed bending platform. This is available at http://bit.ly/2Ks4Weo. Next, we subjected the sensor to a temperature test. The sensor was subjected to heating from room temperature to 47 • C; the results are plotted as shown in Fig. 6(d) . The capacitance of the sensor increased with temperature due to an increase in the resistance of the Al component [54] , [55] . However, the capacitance returned to its original value as the sensor cooled to room temperature. To test resistance to sweat exposure, we first prepared a sample of water with a similar salt concentration of sweat. The results are plotted in Fig. 6(e) . The blowout images show the drops of salt water on the sensor. The salt water drops had no effect on the output of the sensor. The momentary drop in capacitance was due to the proximity of the hand holding the pipette full of salt water [56] [57] [58] . The capacitance returns to its original value after the hand is moved away from the sensor.
After each of these tests, the sensor recovered its initial capacitance. Even when the absolute value of the capacitance changes under the various conditions, e.g., bending, high temperature, and sweat exposure, the ability to sense sounds remained unaffected as the sounds will create a relative change in capacitance on top of the existing absolute value. The effect of absolute change in capacitance can be accounted for by using baseline correction algorithms, such as those used with sensors that are affected by environmental conditions [59] [60] [61] [62] [63] , to adjust the baseline value at regular time intervals.
E. Placement on Human Subject and Test Trial
Different studies have used a combination of ECG and photoplethysmogram (PPG) to detect wheezing [11] , but due to the nature of ECG and PPG, they require the use of gels, adhesives patches, and rigid sensors to take data from the subject, causing discomfort and requiring regular replacement. We wanted to make a device using our sensor that was small, nonintrusive, and easy to attach to the subject. Styrofoam was used as the packaging material for both comfort and its ability to attenuate unnecessary sounds from the environment [ Fig. 7(a) ] [64] [65] [66] . The flexibility of our sensor allows it to mold according to the shape of the muscle in a completely nonintrusive way. This device essentially acts as a standalone add-on. Such add-on devices have shown to enhance the functionality of plants, marine animals, and everyday objects [67] [68] [69] [70] . Further information about the electronic interface is available in the supplementary text that can be found at http://bit.ly/2Ks4Weo. In order to demonstrate the functionality of our sensor in real time, we attached the packaged sensor to the chest of a 28-year-old male subject. The subject was asked to make different sounds from lungs like cough and imitate wheezing sounds by making humming sounds. We have included a supplementary color MPEG file (S4) showing the human subject test trial experiment. This is available at http://bit.ly/2Ks4Weo. The subject can be seen making lung sounds and saying "hello" while the result is displayed in real time on the monitor [ Fig. 7(c) ]. The output plot from the same test can be seen in Fig. 7(d) . It is shown that the sensor can detect different occurrences of a cough, hello sound, and humming sound from the lungs (similar to wheezing sounds). Studies have been conducted to find the best possible place for respiratory disease detection and optimal sound acquisition [7] , [11] , [12] , [71] . The chest is found to be the most useful place for respiratory disease detection. For the process to be run in real time when the sensor is to be placed on a human chest, an experimental setup was established to transfer the data directly from the sensor's primary Bluetooth module to a secondary Bluetooth module. This secondary Bluetooth module transfers the data to MATLAB running on a PC over UART where the data are processed in real time for wheezing detection. A schematic of the electronic system scheme that can be used for detection of asthma in real time can be seen in Fig. 7(b) .
IV. CONCLUSION
We have proved the utility and versatility of our lowcost sensor for the potential application of wheezing episode detection in point-of-care diagnostics. We demonstrate a proofof-concept device with a specialized design to detect wheezing while being attached to the chest of a human. The cost and complexity of the manufacturing process are low because of the use of sustainable materials and a scalable manufacturing process. The circuit is less complicated compared to the alternatives, resulting in a reduced size and lower power consumption of the overall system. The smart design combined with the matched filter implementation forms a robust wheezing detection system that can detect wheezing among several real-life noise case scenarios. The flexibility of the sensor allows it to conform to irregular shapes so that it can be attached nonintrusively to the human chest. The low-cost sensor allows for integration at a large scale in the healthcare industry for real-time monitoring of patients that are at a risk of becoming asthmatic. The sensors are interfaced with Bluetooth-enabled chip, which further allows integration in the Internet of Things (IoT)-enabled systems for early intervention when a patient is having an asthma attack.
